The dependence of the optical responses of microcavity-type one-dimensional (1D) photonic crystals and 1D magnetophotonic crystals (1D-MPCs) on the arrangement order ratio (AOR), which is the ratio of the first and second layers' refractive indexes of Bragg reflectors, is studied. It is demonstrated that the optical properties of two microcavity structures resulting from exchanging the order of Bragg reflector layers so that they have the same optical contrast ratios and different AORs would be different. This difference will be more noticeable in the case of microcavity type 1D-MPCs. Regarding the arrangement-dependent magneto-optical properties of the structures, we can propose the efficient Bragg reflectors with high transmittance enhanced Faraday rotation.
Introduction
Light constructive interferences that appeared to be the essence of the photonic band gap in spatially periodic structures were first studied by Rayleigh in 1888 [1] . Much later, Bragg reflectors as internal parts of feedback lasers and vertical cavity surface emitting lasers found practical realization based on the idea of photonic band gap structures [2, 3] . The papers of Yablonovitch [4] and John [5] in 1987 led to the reincarnation of the idea of engineered photonic crystals (PCs). With the first demonstration of a two-dimensional PC at near infrared wavelengths in 1996, exponential growth in research on PC passive and active optical devices started [6] . Onedimensional (1D) PCs consist of at least two alternative layers with different dielectric constants. The optical characteristics of PCs could be manipulated by tuning the periodicity and thickness of the dielectric layers. The ability to control the refractive indexes by an external applied force, such as strain, electric, or magnetic fields makes PCs active. PCs may exhibit localization or guiding of light by introducing a defect into the periodic structure. The defective PCs in common use are all-dielectric Fabry-Perot interference filters that have high transmittance narrow passbands around the defect mode inside the photonic band gap.
Placing a transparent magnetic material in a resonant cavity has great practical importance for enhancing the magneto-optical effects and has been recognized very early by Rosenberg et al. [7] . The Faraday rotation (FR), first demonstrated by Michael Faraday in 1846, is the rotation of the polarization plane of the light passing through a magneto-optical material [8] and has a nonreciprocal character. Hence, in a resonance cavity, FR becomes enhanced since the single-pass rotation is multiplied by the number of reflections that light experiences while trapped within the cavity. For the first time, 1D magnetophotonic crystal (1D-MPC) was fabricated and tested by Inoue et al. that was composed of dielectric Bragg reflectors and a microcavity of bismuth-substituted dysprosium iron garnet Bi; Dy 3 Fe 5 O 12 [9] . Also, they have reported the high transmittance (T 63%) enhanced FR (θ f −0.63 deg) at 720 nm design wavelength in a MPC with Bi-substituted yttrium iron garnet (Bi:YIG) microcavity layer and dielectric Bragg reflectors. The reported FR is 10 times higher than the FR of a single layer Bi:YIG with the same thickness of the microcavity layer [10] . Higher FR, which is of interest for use in many magneto-optical devices, such as, isolators, modulators, sensors, and circulators, can be achieved by various methods, such as increasing the thickness of microcavity layer while considering conditions for design wavelength or increasing the number of Bragg reflector layers to provide the strong localization of light at microcavity layer. In the past several years, the magneto-optical properties of 1D-MPCs have been studied extensively [11] [12] [13] [14] [15] [16] [17] [18] . Steel and co-workers have proposed multiple resonant microcavity structures to obtain flat-top high-transmittance enhanced FRs [19, 20] . Kahl et al. have introduced all-garnet heteroepitaxial MPCs with magnetic and dielectric Bragg reflectors [21] . However, all of the 1D-MPC structures suffer from an important drawback: A higher FR is associated with reduced transmittance and there is always a trade-off between the FR and transmittance. The role of Bragg reflectors in all of the structures of PCs and MPCs is undeniable because of their interference characteristics producing photonic band gap and localization effects, which are the basic properties of multilayer structures. Among the many transparent materials that one may choose to use in Bragg reflectors, researchers have only considered the high optical contrast ratio (OCR) materials. Pioneering researchers on PCs have defined the OCR as the ratio of high and low refractive indexes of constituent layers of the structure [22] . By studying the effects of Bragg reflectors on a 1D-microcavity structure considering the OCR, one can find two degenerate structures that have the same OCR: H∕L 5 DL∕H 5 and the other one L∕H 5 DH∕L 5 . Here H and L represent the high and low refractive indexes and D represents the microcavity layer. We will show that these two structures have noticeable different optical properties, especially in the case of MPCs.
In this paper, we introduce the arrangement order ratio (AOR) as the ratio of first and second layer refractive indexes of Bragg reflectors and investigate the optical properties of 1D-PCs and 1D-MPCs. The optical responses of these structures are studied through transmittance and FR spectra and analyzing full width at half-maximum (FWHM) and light rejection. (Light rejection is defined as the ratio of peak to valley transmittance in photonic band gap.) The most suitable magnetophotonic microcavity structures to provide more enhanced FRs associated with high transmittances are proposed. Such structures have very small size in comparison with a single magneto-optical layer with same FR and transmittance. Significantly miniaturized size and the filtering effect of such structures would be interesting in many applications, such as integrated optics, wavelength division multiplexing (WDM) systems, magneto-optical isolators, magneto-optical circulators, and magneto-optic spatial light modulators.
The outline of our study is as follows: Section 2 gives the brief description of the calculation method we have used for our study. In Section 3 we have presented our study in three steps. First, the transmittance characteristics of a microcavity type 1D-PC are investigated under different AORs. Second, FR and transmittance spectra of these structures are discussed through replacing the microcavity layer with magneto-optical material. Third, the effects of AOR on the transmittance and FR of a microcavity type 1D-MPC at design wavelength are represented. Finally, Section 4 summarizes the results.
Model and Method
The considered microcavity structure is denoted as A∕B 5 DB∕A 5 , which is shown in Fig. 1 . Bragg reflectors consist of five pairs of alternative A and B dielectric layers with refractive indexes of n A , n B and thickness of d A λ 0 ∕4n A and d B λ 0 ∕4n B , respectively, and λ 0 is the design wavelength. In common PCs, the microcavity layer is a dielectric layer, and to have the defect mode in design wavelength, it has the thickness of d D λ 0 ∕2n D . The transmittance spectrum of 1D-PCs that consists of isotropic layers could be computed using the wellknown 2 by 2 transfer matrix method introduced by Abeles [23] .
The microcavity layer in MPCs is a magnetogyrotropic layer that is characterized by a permittivity tensor [24] :
The off-diagonal components of the permittivity tensor appear when an external magnetic field is applied to the structure parallel to the light propagation axis (z axis). The components ofε D are generally given by the complex form as ε xx ε yy ε 0 xx iε 00 xx and ε xy −ε yx ε 0 xy iε 00 xy . These microscopic elements are related to the macroscopic optical parameters, refractive index n D n n − ∕2 and extinction coefficient κ D κ κ − ∕2 and their differences Δn D n − n − and Δκ D κ − κ − for right and left circularly polarized lights (denoted by and −, respectively), as ε 0 xx n 2 − κ 2 , ε 00 xx 2nκ, ε 0 xy nΔκ − κΔn, and ε 00 xy −nΔn kΔκ [24] . Having optical parameters of the constituent layers of a 1D-MPC, the transmittance and FR spectra of the structure could be calculated through the formalism presented by Inoue and Fujii [25] . Here we represent a brief view of this formalism, but it can be found in detail in [24] [25] [26] . In this approach, a 4 by 4 transfer matrix is specified for each layer that determines the values of optical fields in the layer boundaries. The total transfer matrix is obtained by multiplying entire matrices of the structure to calculate the magneto-optical responses of 1D-MPC. Consider a transverse-magnetic polarized light enters perpendicularly to the structure at z z 0 . This light has a plane waveform e ikz−ωt with wave number of k and angular frequency of ω. The state vector τz E x E y H x H y T at the front z z 0 and back z z 0 L surfaces of the structure could be related by
where L denotes the total length of the structure and ϕ is the 4 by 4 total transfer matrix [26] . The state vectors at z z 0 and z z 0 L are given by 
where C 1 , C 2 , C 3 , and C 4 are arbitrary amplitudes. The transmittance and FR of the structure could be computed by
It is worth noting that the transmittance spectrum of a 1D-PC could be calculated using the 4 by 4 transfer matrix method, just by choosing the identical diagonal elements of the permittivity tensor and setting its off-diagonal elements to zero.
Results and Discussions
Consider that the first and second layers of the Bragg reflector are denoted by A and B, respectively (see Fig. 1 ). We define the AOR as the ratio of refractive indices of first and second layers of Bragg reflectors. Two possible arrangements of Bragg reflectors are as follows: First, the refractive index of the first layer is lower than the refractive index of the second layer (n A < n B ⇒ η n A ∕n B ). Second, the first layer refractive index is higher than the second one (n A > n B ⇒ η 0 n A ∕n B ). Let us suppose that one would like to prepare a microcavity structure composing with high refractive index (H), low refractive index (L), and defect (D) layers. It is clear that, regarding the arrangement of the Bragg reflector layers one can make two structures:
Regarding the definition of OCR that is presented in the introduction, these two structures have the same OCR n H ∕n L . But considering the AORs, these structures are different; the first one has n A < n B and its AOR is denoted by η (η < 1), while the second one has n A > n B and its AOR is denoted by η 0 (η 0 > 1). Ignoring the technical aspects for preparing the Bragg reflectors and microcavity layer and regarding the refractive indexes of optical glasses (∼1.5-2) and crystalline structures (∼2-4) at 720 nm [27, 28] , the reasonable range for η is chosen from 0.5 to 0.8. Just by replacing the first and second layers of the Bragg reflectors with each other, the η 0 will have the values in range from 2.0 to 1.25, respectively. The numerical calculation to study the transmittance spectra of the 1D-PC is achieved using the n D 2.5 (TiO 2 ) at various η, as shown in Fig. 2 . The photonic band gap for η 0.5 [ Fig. 2(a) ] is set between 580 and 960 nm with an ultranarrow microcavity mode at design wavelength (λ 0 720 nm) with FWHM less than 1 nm. It is obvious from this figure that the high light rejection can be supported by this structure. The photonic band gap becomes smaller by increasing the η form 0.5 to 0.8. However, the FWHM is increased and light rejection is decreased for higher values of η such that their values reach to 14 nm, log 10 T max ∕T min 15 dB at η 0.7, and 48 nm, 8 dB at η 0.8, respectively. In Fig. 2(b) , the transmittance spectra are presented for the case where first and second layers of the structure are exchanged, i.e., η 0 . The photonic band gap, FWHM, and light rejection values at η 0 2.0 are identical to the structure's corresponding value η 0.5. Smaller photonic band gap, wider FWHM, and lesser light rejection will result in decreasing the η 0 , which is equivalent to increasing the η, so that at η 0 1.43 (or η 0 1.25) there exists the acceptable photonic band gap with 23 dB (or 13 dB) of light rejection and 4 nm (or 14 nm) of FWHM. In Figs. 2(c) and 2(d) the enlarged transmittance spectra are shown for microcavity modes for the case of η and η 0 , respectively, which show perfect transmittance for both types of the structures. Wider microcavity modes are demonstrated for η in comparison with corresponding η 0 . As a result, for conventional PCs, the transmittance spectra of two degenerate structures with equal OCRs have different properties, but the peak transmittance for both of them has perfect values at design wavelength. Narrow bandpass filters with high light rejection would be obtained at the design wavelength for the structures in which AOR is larger than 1.
Magneto-optical responses of the structures appear by replacing a magneto-optical material with microcavity layer. For numerical calculations, the Bi:YIG is considered as the magneto-optical material, with dielectric tensor components as follows: ε xx 5.59 i5.42 × 10 −3 and ε xy −3.69 × 10 −3 − i2.08 × 10 −3 at 720 nm [26] . These components correspond to the saturated magnetization of Bi:YIG and can be obtained when an external magnetic field of 7 kOe is applied prependicularly on the Bi:YIG layer [10] . Knowing that the origin of FR and ellipticity of transmitted light from a magneto-optical layer is due to the slight differences of refractive indexes and extinction coefficients of the right and left circular polarizations, we have converted these microscopic components to macroscopic parameters that give the following results: n Bi:YIG 2.364, κ Bi:YIG 1.1 × 10 −3 , Δn Bi:YIG 8.79 × 10 −4 , and Δκ Bi:YIG −1.6 × 10 −3 . Then a single layer of Bi:YIG has specific FR θ f ≅ −0.22deg∕μm that could be calculated through the basic equations describing the relation between θ f and Δn (θ f π∕λΔn) [29] . Multiplying this specific FR in the thickness of the microcavity layer d Bi:YIG 152 nm gives the Θ f ≅ −0.03 deg of total FR for the single layer of Bi:YIG that has been used in the study of 1D-MPC structures.
In order to clarify the influence of AOR on the magneto-optical effects, it is illustrative to study transmittance and FR spectra of 1D-MPC versus AOR. Figures 3(a) and 3(b) show the transmittance spectra of the 1D-MPC for different η and η 0 , respectively, and Figs. 3(c) and 3(d) depict the related enlarged spectra at microcavity mode. Comparing these figures with the PC transmittance spectra (Fig. 2) , it can be seen that the first and second edges of photonic band gap are unaffected by replacing the microcavity layer with Bi:YIG for both cases of η and η 0 . The transmittance spectrum at η 0.5 has the peak transmittance of T 0.6, less than 1 nm of FWHM and high light rejection of 51 dB. As indicated in Fig. 3(c) , by increasing the η, the peak transmittance at resonance wavelength is increased that is associated with broadening of FWHM and decreasing of light rejection so that the transmittance, FWHM, and light rejection reach 0.97, 15 nm, and 15 dB for η 0.7 and 0.99, 46 nm, and 7 dB for η 0.8. Let us consider the corresponding structure with η 0 2.0 in which there is a negligible transmittance (T 0.19) at resonance wavelength. Decreasing the η 0 , peak transmittance and FWHM are increased and light rejection is decreased and their values at η 0 1.25 becomes 0.97, 14 nm, and 13 dB, respectively. Strong reflection of Bragg reflectors and absorption of light during each pass through the Bi:YIG is the reason for low transmittance at resonance wavelength for a structure with higher η 0 . The FR spectra of the structures are presented in Fig. 4 . It is assumed that an external magnetic field is applied perpendicularly on the structure to provide the saturated magnetization of Bi:YIG. Enhanced FRs at design wavelength resulting from light localization effect in the microcavity layer are observed for different values of η and η 0 . It can be deduced that at higher OCRs are larger FRs, but inspection of Fig. 4 shows that in the structures with . The calculated Q factor for each structure is represented in Fig. 4 . Comparing the magneto-optical figure of merits, one concludes that the value of Q for each structure of η 0 is larger than the corresponding structure of η.
In order to develop the analysis, we are interested in studying the effect of AOR on the transmittance and FR of a microcavity type 1D-MPC at design wavelength as a function of η and η 0 (see Fig. 5 ). In this figure, the curves of (a) and (b) show the variations of transmittance and FR for the case of AOR < 1. The trade-off relationship between the FR and transmittance can be seen clearly; the FR enhancement occurs at the expense of transmittance reduction. Similar behavior with a different procedure takes place when AOR > 1 [curves (c) and (d)]. Comparing two procedures for the aforementioned cases, it can be deduced that FR and transmittance of two corresponding structures are essentially different. For example, let us suppose that the Bragg reflectors are made of SiO 2 and TiO 2 . In the case of the microcavity structure of with AOR of η 0 1.61, the total FR and transmittance are Θ f −9.34 deg and T 0.62, respectively, at the same wavelength.
A few proposed materials that may be used as the constituent layers of Bragg reflectors are presented in Table 1 . The refractive index of these materials at λ 720 nm have been extracted from [28] as n MgF 2 1.38, n TiO 2 2.49, n SiO 2 1.54, n ZrO 2 2.14, and n Al 2 O 3 1.75. It is obvious that one may realize different AORs as indicated in Table 1 . The vertical lines in Fig. 5 corresponding to the given η (or η 0 ) are related to the arrangements proposed in rows of Table 1 . Crossing points of these lines with curves could give us the related FR and transmittance. It can be concluded that the structures with 1.8 > AOR > 1.55 can simultaneously support hightransmittance and enhanced FRs in the ranges of 45 < T% < 77 and j − 19.18j > Θ f deg > j − 6.27j, respectively. So such possibilities can be used in designing the magneto-optical devices. 
Conclusion
The transmittance spectra of microcavity type 1D-PCs are studied by introducing the AOR of Bragg reflectors. Replacing the magneto-optical material of Bi:YIG in the microcavity layer, FR and transmittance spectra of these structures are investigated. We found that the AOR has an important role in optical properties of the structure so that the degeneracy of the microcavity structures could be eliminated through AOR changing for the same OCRs and remarkable differences would appear, particularly in the case of MPCs. For 1D-PCs having Bragg reflectors with AOR > 1 we get more narrow FWHM and higher light rejection in comparison with the Bragg reflectors with AOR < 1. For both of these structures, the peak transmittances at design wavelength are unaffected by changing the AOR. Analogous study in the case of 1D-MPCs revealed that the Bragg reflectors with AOR > 1 and high OCR could support more narrow FWHM, higher light rejection, and higher FRs due to the strong light localization in microcavity layer. Analyzing the trade-off relationships between FR and transmittance at design wavelength for η and η 0 showed that the structures with 1.8 > η 0 > 1.55 would be efficient to satisfy the simultaneously high transmittance enhanced FRs. Such possibilities will have potential applications in designing of magneto-optical devices.
